Toxoplasma gondii mutants identified as defective in the establishment of chronic infection were screened to isolate those specifically impaired in their ability to replicate within activated macrophages. One of the identified mutants contains an insertion in the hypothetical gene TGME49_111670. Genetic complementation restores the ability of the mutant to replicate in immune cells and produce cysts in the brains of mice. While the mutant is more sensitive to nitric oxide than is its parental strain, it is not defective in its ability to suppress nitric oxide. The disrupted protein has no significant homology to proteins with known functions, but is predicted to have one transmembrane domain. Immunofluorescence shows the protein on the parasite surface, even in activated macrophages, colocalizing with a tachyzoite surface antigen, SAG1, and oriented with its C-terminal end external. Western analysis reveals that the protein is downregulated in bradyzoites. Despite the tachyzoite specificity of this protein, mice infected with the mutant succumb to acute infection similarly to those infected with the parent strain. Serum samples from mice with chronic T. gondii infection react to a polypeptide from TGME49_11670, indicating that the protein is seen by the immune system during infection. This study is the first to characterize a T. gondii surface protein that contains a transmembrane domain and show that the protein contributes to parasite replication in activated immune cells and the establishment of chronic infection.
The apicomplexan parasite Toxoplasma gondii is an obligate intracellular organism capable of infecting any nucleated cell of warm-blooded mammals. T. gondii is able to reproduce sexually and asexually. The asexual cycle contains two stages, a fast-growing, disseminating form called a tachyzoite and a slow-growing, encysted form called a bradyzoite (10, 38) . Due to uncharacterized host/parasite signaling processes, tachyzoites decrease their growth rate and change into bradyzoites. The presence of these cysts in the central nervous system and muscle tissue is a hallmark of chronic infection (10) . While infection with T. gondii is generally asymptomatic in immunocompetent individuals, infections can be fatal for fetuses and those who are immunocompromised due to immune suppression therapies or human immunodeficiency virus (9, 22, 29, 30) .
T. gondii elicits responses from innate and acquired immunity. The innate response involves a type 1 immune reaction involving secretion of gamma interferon (IFN-␥) by Th1 cells, CD8 ϩ T lymphocytes, and natural killer cells, leading to the circulation of multiple proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-␣) and interleukin-8 (IL-8) (1, 7, 39) . The production of IFN-␥ and TNF-␣ has been linked to resistance to acute T. gondii infections (32, 36) . Differentiation of IFN-␥-secreting cells is triggered by secretion of IL-12 by T.
gondii-activated macrophages, inflammatory monocytes, neutrophils, and dendritic cells (3, 12) . While dendritic cells are essential for control of infection due to their cytokine production (20) , they are also important for parasite dissemination (18) . Macrophages activated in vitro by IFN-␥ and TNF-␣ produce nitric oxide (NO) via inducible nitric oxide synthase (iNOS), which is effective at eliminating tachyzoites (33) . However, T. gondii is able to impede NO production within infected macrophages, aiding parasite survival and replication (21, 34) . The parasite pathways involved in this regulation are largely unknown. A patatin-like protein that contributes to the suppression of NO was discovered (26) .
Surface antigens of the parasite facilitate the initial interactions with host cells, both immune and nonimmune. These interactions are crucial and will dictate the fate of the parasite in the host; therefore, identifying structures on the surface of T. gondii has been an active area of research. Several families of glycosylphosphatidylinositol (GPI)-anchored surface antigens have been characterized, including surface antigen 1 (SAG1), SAG1-related sequence (SRS), and SAG-unrelated surface antigen (SUSA) (28; reviewed in references 4, 16, and 19) . The roles of these GPI-anchored proteins decorating the surface of the parasite have not been fully elucidated. Some have been linked to parasite attachment to and invasion of host cells, and others have been shown to elicit a strong host immune response (14, 17, 25) . While the exact role of each protein in the families is unknown, many are developmentally regulated. Tachyzoite-specific surface antigens elicit an immune response during acute infection that is likely not effective against bradyzoites during chronic infection.
A modified signature-tagged mutagenesis library was used to identify T. gondii virulence mutants (11) . For the present study, these signature-tagged mutagenesis mutants were secondarily screened to identify mutants unable to withstand activation of infected macrophages. One of the four mutants identified, 41E2, has an insertion within the annotation TGME49_111670 (www.toxodb.org). The TGME49_111670 protein has a predicted transmembrane domain and is shown to be a tachyzoitespecific surface antigen involved in replication in activated immune cells and the establishment of a chronic infection.
MATERIALS AND METHODS
Cell culture and parasite strains. Strains were maintained as tachyzoites by serial passage on monolayers of human foreskin fibroblasts (HFFs) at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 1% penicillinstreptomycin (Invitrogen, Carlsbad, CA), and 2 mM L-glutamine (Invitrogen). Bradyzoite conditions were RPMI 1640 supplemented with 1% fetal bovine serum and 1% penicillin-streptomycin, buffered with 50 mM HEPES to pH 8 and incubated at 37°C with ambient CO 2 . PRU⌬HPT is the base strain for creation of the parental and mutant strains (26) .
Screen for parasite replication in bone marrow-derived macrophages. Bone marrow-derived macrophages were isolated and cultured as previously described (26) . Macrophages were used for experiments between 7 and 10 days after isolation. For screening parasites, macrophages were grown on glass chamber slides (BD Biosciences, San Jose, CA) overnight at a concentration of 2 ϫ 10 5 cells per ml in 250 l of supplemented DMEM. Macrophages were challenged with 2 ϫ 10 4 T. gondii insertional mutants for 3 hours, rinsed with fresh medium to remove nonadherent parasites, and either left unstimulated or activated with 50 ng/ml lipopolysaccharide (LPS; List Biologicals, Campbell, CA) and 80 U/ml gamma interferon (IFN-␥; PeproTech, Rocky Hill, NJ) for an additional 25 h. After culture, cells were fixed for 20 min in 4% buffered formalin, permeabilized with 0.2% Triton X-100, and localized by a polyclonal rabbit anti-T. gondii antibody (Fitzgerald Industries, Concord, MA) followed by an Alexa 488 antirabbit secondary antibody (Invitrogen, Carlsbad, CA). To evaluate whether vacuoles fused with lysosomes, cells were stained 25 h after activation with a rat anti-mouse monoclonal antibody to lysosome-associated membrane protein (LAMP1) (ID4B; Developmental Studies Hybridoma Bank, University of Iowa) and a rabbit polyclonal antibody to T. gondii. Samples were mounted using VectaShield mounting media with DAPI (4Ј,6-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA). Phase-contrast and fluorescence microscopy was used to examine their morphology and determine the number of parasites per vacuole Ϯ standard deviation. At least 100 parasite-containing vacuoles were examined per experiment, and each experiment was repeated at least three times. Samples were visualized using a Zeiss inverted Axiovert 200 motorized microscope with a 100ϫ objective (PlanApo 1.4-numerical-aperture oil PH3 objective); Zeiss filter sets 31, 34, 38, and 50; and Axiovision 4.3 software. Pictures were obtained using a Zeiss Axiocam MRm.
For complementation studies, parasites were allowed to invade for 3 hours before activation with 100 ng/ml LPS (Escherichia coli-derived; LIST Biological Laboratories, Campbell, CA) and 200 U/ml IFN-␥ (eBioscience, San Diego, CA) and then were incubated for an additional 21 or 33 h. For NO synthase inhibition, 1 mM of aminoguanidine (Sigma-Aldrich, St. Louis, MO) was added 3 hours after parasite invasion as previously described (27) . Parasites were visualized using chronic infection serum (serum collected from CBA/J mice infected with 2 ϫ 10 4 PRU tachyzoites for 22 days) and Alexa Fluor 488 goat anti-mouse antibody (Molecular Probes, Seattle, WA). The number of parasites per vacuole was counted in 25 random fields, and degraded parasites in activated macrophages were noted. Student's t test was used to determine significance of the data.
Detection of reactive nitrogen intermediates. The level of nitrite, a downstream product of NO, present in infected bone marrow-derived macrophage cultures was determined using the Griess reaction as previously described (26, 27) . Samples were measured in triplicate, and the average nitrite level (M) was determined. Student's t test was used to determine significance of the data.
Characterization of the TgTSA1 transcript. Parasites were harvested for RNA isolation by syringing with a 27-gauge needle to release parasites. RNA was isolated using Ultraspec RNA (Biotecx Laboratories, Inc., Houston, TX) according to manufacturer's protocol. 5Ј and 3Ј untranslated regions (UTRs) were determined using rapid amplification of cDNA ends (Ambion, Austin, TX). cDNA was made from 5 g of RNA using Invitrogen's SuperScript III according to the manufacturer's protocol. Regions between the defined UTRs were amplified using primers 41E2_EST178-198FW (5Ј-GCTTCAAAACGACATCCG-3Ј), 41E2_3221R (5Ј-CGGATAATGCAGAGTCAG), 41E2_3221F (5Ј-CTGAC TCTGCATTATCCG-3Ј), and 41E2_seqR (5Ј-ACAAAAAAGGAACCGCCCA GC-3Ј). A cDNA reaction lacking reverse transcriptase was used in PCRs to control for DNA contamination. PCR products were cloned into pCR 2.1 (Invitrogen) according to the manufacturer's protocols.
Generation of 41E2 complementation constructs and electroporation into T. gondii. Primers 41E2SpeIFW (5Ј-ACTAGTCGAGTTTTCGGTGAGATT-3Ј) and 41E2SpeIREV (5Ј-ACTAGTTTCTGAATCCTTTCTTGGGT-3Ј) were used to amplify a 4.7-kb genomic segment spanning 1.3 kb upstream of the 5Ј UTR and 413 bp downstream of the poly(A) site. The genomic piece was cloned into pBC SKϩ (Stratagene, La Jolla, CA) with dihydrofolate reductase (DHFR)-thymidylate synthase (8) at the SpeI site, creating pBC-DHFR-41E2comp. A hemagglutinin (HA) tag was added 222 bp upstream of the predicted translational stop site by amplifying a region surrounding EcoRV and AvrII sites, using primers 41E2HAF (5Ј-GATATCTTACCCATACGACGTCCCAGACTACGC GGAGCAGAGTGCTCCGACG-3Ј) and 41E2_seqR. pBC-DHFR-41E2HA with a C-terminal HA tag was constructed by removing an 831-bp piece of pBC-DHFR-41E2comp with EcoRV and AvrII digests and replacing it with an identical piece containing the HA tag. In order to insert an HA tag on the N terminus of the protein, primers 41E2-5ЈHAF (5Ј-GCGGCCGCTACCCATAC GACGTCCCAGACTACGCGGGAGGCAGCTCGAACTGCG-3Ј) and 41E2_ seqR were used to amplify a 1.9-kb product, which was digested with NotI and AvrII and subcloned into pBC-DHFR-41E2. To create TgTSA1 expressed from the ␣-tubulin promoter with a C-terminal HA tag, primers 41E2NsiF (5Ј-ATG CATTGTGTGGAGGTTCTGGAGCTG-3Ј) and 41E2PacR (5Ј-TTAATTAAG CCAGGCCCACCATTTTTCTGC-3Ј) were used to amplify the open reading frame from pBC-DHFR-41E2HA. NsiI and PacI sites were engineered on the primers for subcloning into pT/230 (35) , which expresses the open reading frame from an ␣-tubulin promoter. Twenty-five micrograms of the linearized constructs were electroporated with 1 ϫ 10 7 T. gondii 41E2 mutants, and stable transformants were selected as resistant to 1 M pyrimethamine.
Mouse infections. Eight-week-old C57BL/6 female mice (NCI, Frederick, MD) were intraperitoneally infected with 1 ϫ 10 4 and 1 ϫ 10 5 tachyzoites. Parasite suspensions used for infections were applied to HFF monolayers for plaque counts to ensure approximately equal numbers of viable parasites were injected. Mice were sacrificed at 22 days, and brains were collected, macerated, fixed with 3% formaldehyde, and then permeabilized and blocked in 3% bovine serum albumin (BSA)-0.2% Triton X-100. Brain cysts were stained with fluorescein-labeled Dolichos biflorus agglutinin (Vector Laboratories). The cysts were enumerated in three 5-l samples, using fluorescence microscopy. The chronic infection experiment was performed twice using four mice per strain and at two different doses. Significance of the data was determined using Student's t test.
Immunofluorescence assay. Confluent host cells on coverslips were infected with recently lysed parasites for 24 h. For extracellular parasites, recently lysed parasites in DMEM were applied to coverslips and allowed to attach for 30 min. The monolayer or extracellular parasites were fixed with 3% formaldehyde and then either permeabilized and blocked in 3% BSA-0.2% Triton X-100 or just blocked in 3% BSA. Mouse anti-HA (Covance Innovative Antibodies, Princeton, NJ) was used as the primary antibody for HA-tagged proteins and costained with either SAG1, IMC1, or GRA2. Secondary antibodies were Alexa Fluor 633 goat anti-mouse or anti-rabbit and Alexa Fluor 488 goat anti-mouse or anti-rabbit (Molecular Probes). Coverslips were mounted onto slides, using VectaShield mounting medium containing DAPI (Vector Laboratories). Samples were examined using a motorized Zeiss Axiplan II microscope equipped with a rearmounted excitation filter wheel, a triple-pass (DAPI/fluorescein isothiocyanate/ Texas Red) emission cube, differential interference contrast optics, and a Hamamatsu ORCA-AG charge-coupled-device camera. Serial image stacks (0.2-m Z-increment) were collected with a 100ϫ PlanApo oil immersion lens (1.4 numerical aperture) and deconvolved and pseudocolored using OpenLabs 4.0 software (Improvision, Waltham, MA).
Western immunoblotting. Freshly lysed tachyzoites were collected by centrifugation (425 ϫ g for 10 min). Bradyzoites were harvested after 5 days under bradyzoite growth conditions by syringing with a 30-gauge needle to release parasites and centrifuged to collect parasites. An equal number of tachyzoites and bradyzoites was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto Immobilon-P membrane (Millipore, Billerica, MA). The membrane was incubated with a primary antibody (anti-HA, 1:5,000; anti-BAG1, 1:2,500; anti-␤-tubulin, 1:5,000) for 1 hour followed by a 1-hour incubation with a secondary antibody (donkey anti-mouse or donkey anti-rabbit immunoglobulin G Growth of 41E2 in bone marrow-derived dendritic cells. Dendritic cells were isolated from murine bone marrow following 7 days of maturation in the presence of interleukin-4 and granulocyte-monocyte colony-stimulating factor as previously described (15) . On the seventh day of maturation, dendritic cells were seeded on coverslips in the presence or absence of 100 ng/ml LPS. After 6 hours, dendritic cells were infected with 1 ϫ 10 5 tachyzoites. Coverslips were processed for immunofluorescence as described above 24 h after infection, using SAG1 to visualize the parasites in order to count the number of parasites per vacuole. Student's t test was used to determine significance of the data.
Peptide production and purification. A region of TgTSA1 was amplified with primers 41E2pepF (5Ј-CCATGGGCGCGAAGCGCTTGGCACAACTTCAG-3Ј) and 41E2pepR (5Ј-CTCGAGCTGTTCGAGTTCGGTCCC-3Ј), which added an NcoI site on the 5Ј end and an XhoI site on the 3Ј end. The PCR product was cloned into pCR 2.1 (Invitrogen) according to the manufacturer's protocols and verified by sequencing with M13F and M13R vector primers. The plasmid was then digested with NcoI and XhoI to obtain a 273-bp fragment that was subcloned into pET-28a(ϩ) (Novagen, Madison, WI) that was linearized with NcoI and XhoI. The construct was transformed into a Rosetta strain to allow for induction. The peptide was induced with 1 mM IPTG (isopropyl-␤-Dthiogalactopyranoside) for 4 h at 37°C and the soluble fraction, a 14-kDa protein with a C-terminal six-His tag, was purified using the His⅐Bind Quick 900 cartridges (Novagen) according to the manufacturer's protocol.
Immunoblotting with chronic serum. The TgTSA1 peptide was separated on a denaturing 20% acrylamide gel and transferred onto Immobilon-P (Millipore). Ponceau S staining (0.1% [wt/vol] Ponceau S in 5% acetic acid) was done to confirm that transfer was complete. Serum was collected from mice infected with T. gondii for 22 days and used as the primary antibody. Serum from an uninfected mouse was also used as a primary antibody. The secondary antibody was donkey anti-mouse IgG conjugated to horseradish peroxidase (1:5,000; Jackson ImmunoResearch Laboratories, Inc.). Chemiluminescent detection was done with the Amersham ECL Western blotting system (GE Healthcare).
RESULTS
Identification of insertional mutants that exhibit defective replication in activated macrophages. Thirty-nine mutants impaired in their ability to establish a chronic infection in mice (11) underwent a secondary screen to identify those with replication defects in activated macrophages. Parasites were allowed to infect naïve macrophages for 3 hours, and then the infected macrophages were activated with IFN-␥ and LPS for 24 h. After incubation, cells were fixed, stained with a polyclonal antibody to T. gondii, and analyzed by immunofluorescence. Wild-type parasites were predominantly phase dense, bow shaped, and within tight-fitting vacuoles of two or four parasites ( Fig. 1A and B) . In contrast, four mutants (41E2, 37B2, 40E4, 57G3) consistently failed to replicate beyond one parasite per vacuole after 28 h of culture and appeared amorphous/degraded (typical vacuoles shown in Fig. 1B) . Vacuoles containing parasite mutants did not colocalize with LAMP1, suggesting that the mutants were not in parasitophorous vacuoles that had fused with lysosomes (data not shown). To ensure that the replication defect of the mutants was associated with macrophage activation, the growth rate of the four mutants was examined in naïve macrophages. All four mutants repli- (Fig. 2A) . Mapping of the transcript using reverse transcription-PCR and 5Ј and 3Ј rapid amplification of cDNA ends (Ambion) confirmed that TGME49_111670 has no introns and has a 711-bp 5Ј UTR and a 1,050-bp 3Ј UTR. The protein product of TGME49_111670 is predicted to have one transmembrane domain between amino acids 60 and 80 ( Fig. 2A) , creating an intracellular 59-amino-acid N terminus (www.ch.embnet.org/software/TMPRED _form.html). TGME49_111670 does not contain any other known functional domains, including a signal peptide (www.toxodb .org), and it does not share significant homology with any proteins of known function. Neospora canium does have a TGME49_111670 ortholog that is annotated as a hypothetical (www.toxodb.org).
TGME49_111670 is a transmembrane domain-containing surface antigen with an intracellular N terminus. To localize the TGME49_111670 protein, PRU⌬HPT was engineered to express TGME49_111670 from the ␣-tubulin promoter with a C-terminal HA epitope tag. Immunofluorescence assays on tachyzoite-infected HFFs using antibody against the HA to visualize the tagged protein revealed the protein colocalizes with SAG1, a tachyzoite surface antigen (Fig. 2B, row 1) . Given that the mutant has diminished replication in activated macrophages, we examined the localization of the protein in naïve and activated macrophages. The protein was also seen on the parasite surface in naïve and activated macrophages (Fig.  2B, rows 2 and 3) . To confirm the surface localization of TGME49_111670, immunofluorescence was performed on extracellular parasites expressing an HA-tagged TGME49_ 111670 protein expressed from the endogenous promoter with or without membrane permeabilization. TGME49_111670 with a C-terminal HA tag was detectable with and without permeabilization, similar to SAG1 (Fig. 2B, rows 4 and 5) . No staining was seen using an antibody to a dense granule protein 2 in the absence of permeabilization (data not shown). These data show that TGME49_111670 is on the parasite surface and that the C terminus of the protein is external. To confirm this topology, immunofluorescence of PRU⌬HPT expressing TGME49_111670 with an N-terminal HA tag was performed. Without membrane permeabilization, the N-terminal HA TGME49_111670 had a lower signal with identical exposure times to the C-terminal HA (Fig. 2B, compare rows 5 and 7) . Light staining of the N-terminal HA protein without permeabilization is likely due to the fixation conditions as a signal was also detected in the absence of permeabilization with anti-IMC1 antibody (data not shown; 37). With permeabilization, the N-terminal HA TGME49_111670 protein had fluorescence intensity similar to that of the C-terminal HA (Fig. 2B , rows 4 and 6). These data are consistent with TGME49_111670 being a surface protein in T. gondii with a single transmembrane domain that orients the N terminus inside the parasite and the C terminus outside. To our knowledge, TGME49_111670 is the first characterized surface protein of T. gondii that contains a transmembrane domain. Therefore, we have named TGME49_ 111670 T. gondii transmembrane surface antigen 1 (TgTSA1).
TgTSA1 is developmentally regulated. Most members of the SAG, SRS, and SUSA families of GPI-anchored surface anti- gens are developmentally regulated between tachyzoites and bradyzoites. To investigate whether transmembrane domains containing surface proteins were also developmentally controlled, we examined expression of TgTSA1 with a C-terminal HA tag under the control of its native promoter. Western immunoblotting using an antibody against the HA tag showed that TgTSA1 was expressed in tachyzoites but not in bradyzoites (Fig. 3) . The size of this tachyzoite protein is close to the predicted size of 47 kDa. The blot was striped and reprobed with anti-T. gondii ␤-tubulin to show that each lane contained approximately equal amounts of parasites. The blot was reprobed again with antibodies against the bradyzoite-specific heat shock protein Bag1 to show the level of bradyzoite induction (Fig. 3) . These data show that, similar to the GPI-anchored surface antigens of T. gondii, the transmembrane domain-containing TgTSA1 surface protein is developmentally regulated between tachyzoites and bradyzoites. Replication of the 41E2 mutant is defective in activated dendritic cells. The 41E2 mutant was identified due to its diminished ability to replicate in activated macrophages. We wanted to determine if this defect was present in dendritic cells, which also play an important role in the immune interactions with T. gondii. Similar to naïve macrophages, the mutant was able to grow to wild-type levels in naïve dendritic cells; the mean number of parasites per vacuole was 3 Ϯ 0.31 for the parent and 3 Ϯ 0.6 for the 41E2 mutant. However, the 41E2 mutant displayed a significant decrease in its growth rate at 36 h postinfection in activated dendritic cells (Fig. 4A ) (P Ͻ 0.005 for one parasite per vacuole; P Ͻ 0.025 for two parasites per vacuoles). Comparable results were seen at 24 h postinfection (data not shown). Thus, similar to macrophages, the replication rate of the 41E2 mutant in activated dendritic cells is reduced.
Complementation of 41E2 with TgTSA1 restores replication in activated immune cells.
A plasmid containing a region of genomic DNA spanning the TgTSA1 coding region, promoter, 5Ј UTR, and 3Ј UTR was stably transfected into the 41E2 mutant for complementation studies. Complementation with TgTSA1 containing a C-terminal HA tag (Comp2-HA) was also investigated to ensure that the localization described above was functional. In activated dendritic cells, growth of 41E2 complemented with TgTSA1, either with or without the HA tag, was not significantly different from that of the parent strain. These results reveal that reintroduction of TgTSA1 into 41E2 corrects the growth defect (Fig. 4A) . The growth of the complement strains was assessed in activated macrophages to resolve whether the growth defect seen in the mutant is due to the interruption in TgTSA1. The mutant has a significant growth defect in activated macrophages 24 and 36 h postinfection, but the defect is more pronounced at 36 h (data not shown; Fig. 4B ) (P Ͻ 0.005 for two parasites per vacuoles). At 36 h, complement strains are able to grow at rates similar to that of the parent strain (Fig. 4B) .
TgTSA1 confers increased resistance to NO without decreasing NO production. To identify the mechanism responsible for the replication defect of the 41E2 mutant in activated macrophages, we employed aminoguanidine, a commonly used 
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A TRANSMEMBRANE SURFACE ANTIGEN FROM TOXOPLASMA 3735 inhibitor of NOS, to disrupt NO production in the host cells. We infected bone marrow-derived macrophages with either parental or 41E2 mutant parasites for 3 hours and then either (i) treated with aminoguanidine but did not activate, (ii) treated with aminoguanidine and activated with LPS and IFN-␥, or (iii) activated with LPS and IFN-␥ only. The growth of parent and 41E2 parasites in activated macrophages treated with aminoguanidine was not significantly different than that of the parent in naïve macrophages treated with aminoguanidine (Fig. 5A) . These results indicate that the reduction in replication of both the parent and 41E2 mutant in activated macrophages is dependent on NO. The similarity of the replication rates between the parent and 41E2 mutant in activated macrophages treated with aminoguanidine highlights that TgTSA1 provides additional protection against NO. To understand how TgTSA1 confers increased resistance to NO, we determined the amount of NO produced by activated macrophages infected with either parent or 41E2 parasites. T. gondii can suppress the ability of activated macrophages to produce NO (21, 34) . The amount of NO present can be determined by the Griess reaction, which measures the downstream product nitrite. The amount of nitrite present in cultures of bone marrow-derived macrophages infected with the parent and the amount in those infected with the 41E2 mutant were not significantly different (Fig. 5B) . Thus, it is unlikely that TgTSA1 inhibits iNOS induction and that the mechanism of the additional protection against NO conferred by TgTSA1 is not dependent on the amount of NO produced.
Complementation of 41E2 restores cyst production in mice. The original defect described for the 41E2 mutant was a reduction in the number of brain cysts in chronically infected mice (11) . To investigate whether the complementation of the replication defect in activated immune cells would also restore the cyst production in mice, we inoculated mice with the parent strain, the 41E2 mutant, or the two complement strains (Comp1 and Comp2-HA). Twenty-two days after infection with either 10 4 or 10 5 parasites, the number of cysts per brain was determined. As expected, the mutant displayed a statistically significant decrease in its ability to produce cysts compared to the parental strain, with both infectious doses (Fig. 6) . Similar to the complementation seen in the activated immune cells, brain cyst levels were restored in the complement strains to levels seen in the parent strain (Fig. 6) , highlighting the importance of the TgTSA1 protein for the establishment of a chronic infection in mice.
TgTSA1 is recognized by the host immune system. Proteins on the surface of T. gondii have been shown to interact with the host immune system; therefore, we wanted to determine if TgTSA1 was an antigen recognized during a natural infection. Knowing that the C-terminal three-quarters of the TgTSA1 protein was on the outside of the parasite membrane, we chose an immunogenic 129-amino-acid polypeptide near the C-terminal end for these studies (diagrammed in Fig. 2 ). This TgTSA1 polypeptide was purified from E. coli (Fig. 7 , lane labeled Ponceau S) and used for Western immunoblots with serum from mice infected with T. gondii PRU for 22 days. Serum samples from two independent infections of mice were reactive with the polypeptide (Fig. 7, lanes iai.asm.org mouse 1 and 2). When serum from an uninfected mouse or no chronic infection serum was used, reactivity to the TgTSA1 polypeptide was not seen (Fig. 7 , lane labeled uninfected mouse; data not shown). Chronic infection serum was not reactive with purified lysate from E. coli not expressing the TgTSA1 peptide (data not shown). The reactivity of T. gondii chronic infection serum indicates that TgTSA1 interacts with the immune system of the host.
DISCUSSION
TgTSA1 is annotated in the T. gondii database as a hypothetical protein that does not share homology with any other proteins of known function or contain any functional domains. Our previous work highlighted that TgTSA1 may be important for parasite virulence (11) . This current study confirms that TgTSA1 is indeed important for the establishment of a chronic infection in mice. To characterize this virulence defect further, we show that TgTSA1 is important for replication in activated macrophage and dendritic cells. We also show that TgTSA1 is a tachyzoite-specific, transmembrane domain-containing surface protein. The discontinuous staining of the outer membrane seen with the HA antibody may indicate that the protein is found within lipid rafts on the parasite surface. Due to its surface location and its role in protecting parasites from immune cell activation, it is not surprising that TgTSA1 interacts with the immune system and is detected by chronic infection sera.
As an obligate intracellular parasite, T. gondii must invade host cells upon initiation of an infection. The parasite then uses these cells to replicate and disseminate throughout the host during acute infection, with the intended goal of spreading to muscle and brain tissue to form a chronic infection. Some of the cells T. gondii uses as a vehicle during infection are also immune system cells responsible for controlling and terminating the infection. Macrophages and dendritic cells are involved in cell-mediated immunity through the production of cytokines. Additionally, once activated, these cells are able to limit the growth of the parasite (1, 2, 21) . To circumvent the unfriendly environment within macrophages and dendritic cells, T. gondii is able to manipulate signaling cascades involved in the activation of these infected cells (6, 24) . The production of NO is one of the signaling cascades suppressed in cells infected with T. gondii. The use of aminoguanidine to inhibit NO synthase in activated macrophages shows that TgTSA1 confers increased resistance to NO (Fig. 5A) . It is possible that the TgTSA1 interacts with host cell receptors to curb the production of NO or that the absence of TgTSA1 in the parasite membrane damages the membrane integrity, making it more susceptible to NO. The 41E2 mutant was shown to suppress NO in a previous screen (26) and this study (Fig. 5B) , highlighting that TgTSA1 mediates resistance to NO rather than inhibits its production. Surface proteins help maintain membrane integrity and facilitate initial contacts between the host and the parasite. Alterations of membrane components could make the parasite more susceptible to host elements and decrease the fitness of the parasite. This diminished fitness would more likely be evident in restrictive environments, such as activated immune cells.
NO production by the host has been shown to be important to control a T. gondii chronic infection. iNOS knockout mice infected with T. gondii are able to survive acute infection and succumb to infection 3 to 4 weeks after inoculation. Mortality is associated with uncontrolled tachyzoite replication in the brain and necrotizing encephalitis. These results indicate that while the killing of tachyzoites by NO is not necessary for control of acute infection, NO is important for controlling tachyzoite replication in the brain during early chronic infection (33) . Microglial cells, which are responsible for immune defense in the central nervous system, that are activated with LPS and IFN-␥ control T. gondii replication in an NO-dependent mechanism (5). Rozenfeld et al. (31) showed that T. gondii-infected microglial cells have a significant decrease in iNOS expression. Neighboring microglial cells activated by IFN-␥ did not display a reduction in NO production, indicating that the parasite protein responsible for this activity is not secreted (31) . The 41E2 mutant is impaired in its ability to establish a chronic infection but is able to kill mice during acute infection at the same rate as the parent strain (Fig. 6 and data not shown). It is quite possible that the mutant is able to disseminate normally during acute infection, but encounters difficulties with activated microglial cells, which results in a reduction of brain cysts. The reduction in cysts seen in the brain could be due to an inability to prevent NO-mediated killing of the parasites by microglial cells prior to conversion to bradyzoites. Further studies will examine the growth of the mutant in activated microglial cells to further characterize the infection defect of this mutant.
The surface of T. gondii is decorated with an abundance of proteins, many belonging to the SAG, SRS, and SUSA families. When SAG1 is blocked by antibodies, parasites have a diminished ability to attach to and invade host cells (25) . This result indicates that SAG1 is involved in these vital processes, and that other surface antigens may play redundant roles. The surface localization of TgTSA1 makes it a possible player in interactions with the host. Results of immunofluorescence studies indicate that the C terminus of the TgTSA1 is extracellular. This orientation would expose the majority of the protein, 370 amino acids, to the dynamic environment of the host during an infection. Through interactions with parasitophorous vacuole membrane (PVM) proteins, TgTSA1 could manipulate contact with host cell proteins, such as immunityrelated GTPase (IRG) family members. IRGs traffic to the PVM to disrupt parasite membranes (23, 40) . Virulent strains of T. gondii are not susceptible to IRG-mediated membrane disruption, likely due to polymorphisms between strains that do not allow some IRG proteins to bind (40) . Although TgTSA1 displays a low degree of polymorphism (www.toxodb .org), TgTSA1 may facilitate some interaction with IRG proteins. Efforts are currently underway to crystallize the extracellular C terminus of TgTSA1 (W. Anderson, personal communication) in hopes that structural data will help elucidate a role for this protein.
The sheer number and immunodominance of the GPI-anchored proteins covering the surface of the parasite have made it difficult to identify surface transmembrane proteins. In an attempt to identify integral membrane proteins that are not GPI anchored, Gilk et al. (13) used a photoactivatable compound, 5-[
125 I]iodonaphthalene-1-azide to tag membrane-embedded proteins. Using this method, they were able to detect and identify two characterized proteins of the inner membrane complex (GAP45 and GAP50) and a novel protein associated with the parasite periphery (PhIL1). Analysis of the secondary structure of PhIL1 revealed no transmembrane domain or lipid anchor addition signals. Other potential transmembrane proteins were detected but not identified or characterized (13) . TgTSA1 is the first T. gondii transmembrane domain-containing surface protein to be characterized.
The GPI-anchored surface proteins are further classified by their stage specificity. For example, SAG1 and SRS1 are tachyzoite specific, while SRS9 and SAG4A are expressed only in bradyzoites (19) . Many of the surface proteins are recognized by the immune system, reinforcing the idea that the proteins interact with the host immune system. The high expression of tachyzoite-specific SAG1 may assist the host in recognizing and clearing tachyzoites (19) . Misexpression of SRS9 in tachyzoites resulted in a greater number of parasites being cleared during acute infection (17) . Changing of the parasite surface proteins throughout the life cycle may allow immune evasion and infection persistence. It is interesting that similar to most GPI-anchored surface antigens, the transmembrane domain-containing surface protein TgTSA1 is regulated between the tachyzoite and bradyzoite stages. Characterization of the many hypothetical proteins, such as TgTSA1, within the T. gondii genome may better define vital processes in diverse life cycle stages of the parasite and address the gaps in our knowledge of T. gondii biology.
